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High proton conductivity within the ‘Norby
gap’ by stabilizing a perovskite with
disordered intrinsic oxygen vacancies

Kei Saito 1 & Masatomo Yashima 1

Proton conductors are attractive materials with a wide range of potential
applications such as proton-conducting fuel cells (PCFCs). The conventional
strategy to enhance the proton conductivity is acceptor doping into oxides
without oxygen vacancies. However, the acceptor doping results in proton
trapping near dopants, leading to the high apparent activation energy and low
proton conductivity at intermediate and low temperatures. The hypothetical
cubic perovskite BaScO2.5 may have intrinsic oxygen vacancies without the
acceptor doping. Herein, we report that the cubic perovskite-type
BaSc0.8Mo0.2O2.8 stabilized by Mo donor-doing into BaScO2.5 exhibits high
proton conductivity within the ‘Norby gap’ (e.g., 0.01 S cm−1 at 320 °C) and
high chemical stability under oxidizing, reducing and CO2 atmospheres. The
high proton conductivity of BaSc0.8Mo0.2O2.8 at intermediate and low tem-
peratures is attributable to high proton concentration, high proton mobility
due to reducedproton trapping, and three-dimensional protondiffusion in the
cubic perovskite stabilized by theMo-doping into BaScO2.5. The donor doping
into the perovskite with disordered intrinsic oxygen vacancies would be a
viable strategy towards high proton conductivity at intermediate and low
temperatures.

Protonic ceramic fuel/electrolysis cells (PCFCs/PCECs) promise appli-
cations for reversible conversion between chemical and electrical
energywith high efficiency and zero emissions at intermediate and low
temperatures (50–500 °C)1–8. In principle, the PCFCs and PCECs need
neither the precious metal catalysts used in polymer electrolyte
membrane systems at low temperatures nor costly heat-resistant
alloys used in solid oxide electrochemical cells operated at high
temperatures4. Hydrate, polymer, and salt generally decompose at
intermediate and low temperatures9–11. For example, CsH2PO4 solid
acids showhigh proton conductivity over 0.01 S cm−1 between 230 and
254 °C, but decompose above 254 °C9. In contrast, oxides generally
exhibit high chemical stability and low proton conductivity at inter-
mediate and low temperatures. As the result, there are no ionic con-
ductors exhibiting both high ionic conductivity and high chemical
stability in the ‘Norby gap’ at the intermediate and low temperatures

between 200 and 500 oC12, although the lack of suitable materials has
stimulated the search for new ionic conductors. Narrowing this gap is
of prime interest in the development of proton conductors for prac-
tical applications. Herein, we report high proton conductivity of
BaSc0.8Mo0.2O2.8 (BSM20) (e.g., 0.01 S cm−1 at 320 °C) and high che-
mical stability under oxidizing, reducing and CO2 atmospheres.

Perovskite-type A2+B4+O3-based oxides such as BaZrO3- and
BaCeO3-based materials are leading proton conductors where A2+

and B4+ are relatively larger and smaller cations, respectively13–23. The
major problem of the A2+B4+O3-based proton conductors is the pro-
ton trapping24. The general and effective strategy to enhance the
proton conductivity is the creation of oxygen vacancies vby acceptor
M3+ doping into A2+B4+O3 perovskite whereM3+ is an acceptor dopant
cation with lower valence 3+ than 4+ of host B4+ cation, forming
AB1−xMxO3−x/2vx/2 (e.g., A = Ba, B = Zr, and M = Y for BaZr0.8Y0.2O2.9).
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Here, the acceptor is defined by the dopant cation M with lower
valence compared with the host cation B in AB1−xMxO3−δ and the δ is
the amount of oxygen vacancies. The proton conduction is facilitated
by the hydration of oxygen vacancies, forming the protons H+ in
AB1−xMxO3−x/2+y/2vx/2−y/2Hywhere y is proton concentration. However,
the H+ is trapped by the dopant cation M3+ with effective negative
charge of −1 compared with host B4+ cation (Supplementary Note
no. 1 (1)), which can lead to the significant association energy
between the proton and dopant cation, higher apparent activation
energy for proton conductivity and lower proton conductivity at
intermediate and low temperatures (“Proton trapping by acceptor
doping” in Supplementary Fig. 1). High proton conduction is expec-
ted at intermediate and low temperatures if the proton trapping is
reduced. Here, we report high proton conduction at intermediate
and low temperatures in oxides with “intrinsic oxygen vacancies” and
without acceptor doping. The “intrinsic oxygen vacancies” are
defined as the oxygen vacancies □ in a mother material (e.g., high-
temperature defect fluorite-type Bi2O3 (= Bi2O3□) and high-
temperature cubic perovskite-type Ba2In2O5 (= Ba2In2O5□ = 2
BaInO2.5□0.5)

25–30. Oxides such as Ba2ScAlO5 (= Ba2ScAlO5□ = 2
BaSc0.5Al0.5O2.5□0.5), Ba2LuAlO5 (= Ba2LuAlO5□ = 2
BaLu0.5Al0.5O2.5□0.5) and BaY1/3Ga2/3O2.5 (= BaY1/3Ga2/3O2.5□0.5) have
intrinsic oxygen vacancies and exhibit significant proton
conduction3,31–40. In this work, BaScO2.5 (= BaScO2.5□0.5) was chosen
as the mother material, because BaScO2.5 and other Sc-containing
oxides exhibit significant proton conductivity41–45. In contrast to the
oxygen vacancy-ordered Ba2In2O5, Ba2ScAlO5, Ba2LuAlO5, and BaY1/

3Ga2/3O2.5, the hypothetical cubic BaScO2.5 exhibits occupational
disorder of oxygen vacancies leading to three-dimensional proton
conduction. However, BaScO2.5-based oxides exhibit lower proton
conductivities at intermediate and low temperature compared with
cubic perovskite-type BaZr0.8Y0.2O2.9 (Fig. 1). Furthermore, the cubic
perovskite-type BaScO2.5 is not an equilibrium phase in the phase
diagram46. In this work, to improve the proton conductivity and
stabilize the cubic perovskite phase, the donor cation Mo6+ was
doped into BaSc3+O2.5 where the valence of donor cation Mo6+ (+6) is
higher than that of host cation Sc3+ (+3). Donor doped perovskite-
type proton conductors are very rare, although numerous accepter-
doped ones have been reported in the literature14–22,44,47. Mo6+ was
chosen as donor dopant, because Mo-containing oxides such as
Ba7Nb4MoO20

3, Ba7Ta3.7Mo1.3O20.15
48, Ba3MoNbO8.5

49,
Ba7Nb3.9Mo1.1O20.05

36, Mo-doped BaCe0.9Y0.1O3−δ
50, and Mo-Yb co-

doped BaCeO3
51 exhibit significant proton conduction. Since the

effective charge of dopant Mo6+ is more positive (+3) compared with
the host Sc3+, the protons H+ with positive charge (+1) would not be
trapped by the dopant Mo6+ due to their repulsion (Supplementary
Note no. 1 (2)). Therefore, reduced proton trapping and low activa-
tion energy are expected, which leads to high proton conduction at
intermediate and low temperatures. Herein, we report high proton
conductivity, high chemical and electrical stability of donor Mo6+-
doped BaScO2.5, BaSc0.8Mo0.2O2.8.

Results
BaSc1−xMoxO2.5+3x/2−y/2(OH)y (= BaSc1−xMoxO2.5+3x/2·(y/2) H2O=BaSc1−x
MoxHyO2.5+3x/2+y/2; x =0.15, 0.20, 0.25, 0.30) were synthesized by the
solid-state reactions where y is the amount of OH species (protons) and
dependson theMocontent, humidity, temperature and thermal history
of the sample. X-ray powder diffraction (XRD)measurements indicated
that the as-prepared x =0.15 and 0.30 samples consist of main cubic
perovskite phase in addition to small amounts of impurities (Supple-
mentary Fig. 2). Meanwhile, all the reflections in the XRD patterns of as-
prepared x =0.20 and 0.25 samples were indexed by a primitive cubic
cell, indicating these samples to be a single cubic perovskite phase. As
shown later, BaSc0.8Mo0.2O2.8−y/2(OH)y (x =0.20; BSM20) exhibits
higher proton conductivity than BaSc0.75Mo0.25O2.875−y/2(OH)y (x=0.25;
BSM25), therefore, we mainly focus on the x =0.20 composition,
BSM20 for further studies. X-ray photoelectron spectroscopy (XPS)
data of BSM20 demonstrated that the valences of Ba, Sc andMo atoms
at room temperature were +2, +3 and +6, respectively (Supplementary
Fig. 3), indicating that the chemical composition is (Ba2+)(Sc3+)0.8
(Mo6+)0.2(O

2−)2.8−y/2(OH
−)y [= (Ba2+)(Sc3+)0.8(Mo6+)0.2(O

2−)2.8·(y/2) H2O].

High proton conductivity and high chemical stability of BSM20
H/D isotope exchange experiments on BSM20 were performed at
300 °C in D2O-saturated air (D2O/air) and H2O-saturated air (H2O/air)
(vapor pressure of 0.02 atm) to show its proton conduction. When the
atmosphere was changed from H2O/air to D2O/air, the direct current
(DC) electrical conductivity σDC measured by a DC four-probe method
decreased from σDC(H2O) to σDC(D2O) (Fig. 2a). Then the atmosphere
was changed to H2O/air, the σDC increased from σDC(D2O) to σDC(H2O).
The σDC(H2O)/σDC(D2O) ratio was ~1.34, which was close to the theore-
tical value for the isotope effect based on the classical theory 1.41
(ref. 52). Furthermore, the σDC was almost independent of oxygen par-
tial pressure P(O2) in a wide P(O2) range between 10−20 and 1 atm at 100,
300 and 500 °C in wet atmospheres, suggesting ionic conduction and
indicating the high chemical and electrical stability (Fig. 2b). The proton
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Fig. 1 | High proton conduction of BSM20. aArrhenius plots of bulk conductivity
of BSM20, BSM25, BaZr0.4Sc0.6O2.7−y/2(OH)y (BZS)

4, BaZr0.8Y0.2O2.9−y/2(OH)y
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45, BaSc0.67O(OH)2 (BS67)
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68,

and La26(BO3)8O27−y/2(OH)y (LBO)69. In the yellow region in panel (a), the proton
conductivity exceeds 0.01 S cm−1. b Norby gap and Arrhenius plots of bulk con-
ductivity of BSM20, BZS4, BZY53, and BCY16 and total AC conductivity of BS6743.
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transport number of BSM20was almost 100% as shown later (Fig. 2c). In
ab initio molecular dynamics (AIMD) simulations, the mean square
displacement (MSD) of protons was much higher than MSDs of other
constituent atoms, supporting the proton conduction (Fig. 2d). These
results indicate that proton is the dominant carrier in BSM20.

To investigate the bulk proton conductivity, the impedance
measurements were performed onBSM20 and BSM25. Supplementary
Fig. 4 shows the typical impedance spectra of BSM20 in wet air at
70 °C, which indicates the bulk and grain boundary responses. To
extract the bulk and grain-boundary conductivities, equivalent circuit
analysis was performed using the models shown in Supplementary
Fig. 5. Reasonable capacitance values (Supplementary Table 1) and
fitting results (Supplementary Figs. 4 and 6) were obtained. The bulk
conductivitywas higher than the grain-boundary conductivity for both
BSM20 and BSM25 inwet air (Supplementary Fig. 7). To investigate the
H/D isotope effect52, the impedance measurements were performed
on BSM20 in H2O/air and D2O/air. The difference between activation
energies for bulk conductivity in H2O- and D2O-saturated air ED − EH
was 0.04 eV (Supplementary Table 2). Here, ED and EH are activation
energies for bulk conductivity in D2O- and H2O-saturated air, respec-
tively. The activation energies Ea for the conductivities were estimated
using the Arrhenius equation:

σT =A exp � Ea

kT

� �
ð1Þ

where A, k, and T are the pre-exponential factor, Boltzmann constant,
and temperature, respectively. The difference value of ED − EH
0.04 eV is close to 0.055 eV, which is predicted by the non-classical
theory52. The ratio AH/AD was 0.59, which is close to the ratios for
other proton conductors52. Here, AD and AH stand for the pre-
exponential factors in D2O- and H2O-saturated air, respectively.
These results suggest that proton is the dominant carrier in BSM20.
The bulk conductivity σb in wet air of BSM20 was high (e.g.,
0.01 S cm−1 at 320 °C) (Fig. 1a). The σb inwet air of BSM20was 14 times
higher than that of BaCe0.9Y0.1O2.95−y/2(OH)y at 348 °C16, 4.5 times
higher than that of BaZr0.8Y0.2O2.9−y/2(OH)y at 137 °C

53, and 2.6 times
higher than that of BSM25 at 378 °C. One reason for the higher σb of
the present BSM20 is the higher proton concentration as discussed
below. Furthermore, the σb in wet air of BSM20 was 3 times higher
than that of the leading proton conductor BaZr0.4Sc0.6O2.7−y/2(OH)y
at 137 °C4, which can be ascribed to the high proton diffusion
coefficient of BSM20 as shown below. Thus, it should be noted that
the bulk proton conductivity of BSM20 is higher than those of the
best ceramic proton conductors. Most of ceramic ionic conductors
have lower proton conductivities below the Norby gap in the
Arrhenius plots (Fig. 1b). In sharp contrast, BSM20 exhibits high
bulk proton conductivity within the gap (Fig. 1b). High proton
transport number is needed in the electrolytes for PCFCs. We
estimated the bulk proton conductivity σH+ using the equation, σH+ =
σwet – σdry (Supplementary Fig. 8). Here, σwet and σdry stand for the
bulk conductivities in wet and dry N2 gas flows, respectively.
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The proton transport number was calculated by the equation: tH+ =
σH+/σwet. The obtained tH+ values were close to 100% between 93 and
367 °C, showing the dominant proton conduction in BSM20 (Fig. 2c).

High chemical stability of proton conductors is required in their
applications in electrochemical devices. To investigate the chemical
stability against CO2, we annealed BSM20 powders under CO2 flow at
320 °C and 500 °C. There was no significant difference between the
XRD patterns before and after the annealing, indicating the high che-
mical stability of BSM20 against CO2 (Fig. 3, Supplementary Fig. 9d,e).
High chemical stabilities of BSM20 were also confirmed in O2 and 5%
H2 in N2 at 320 °C (Supplementary Fig. 9a–c). These high chemical
stabilities, high chemical and electrical stability (Fig. 2b), high proton
conductivity (Fig. 1), and high proton transport number demonstrate
BSM20 to be a superior proton conductor.

Crystal structure and proton diffusion pathways of BSM20
To gain the direct evidence of hydration in bulk, we performed Riet-
veld analysis of neutron diffraction data of hydrated (deuterated)
BaSc0.8Mo0.2O2.8−y/2(OD)y (= BaSc0.8Mo0.2O2.8·(y/2) D2O) at −243 and
27 °C. The calculated intensities in the Rietveld pattern agreed well
with the observed ones (Fig. 4c), and the reliability factors were rea-
sonably small (Rwp = 4.31%, RB = 2.17%, RF = 2.30%; Table 1). The atomic
coordinates of hydrogen atom obtained by Rietveld analysis agreed
with those optimized by the DFT calculations and of
BaSc0.7Ti0.3O2.65−y/2(OD)y and BaZr0.5In0.5O2.75−y/2(OD)y (Supplemen-
tary Table 3). The refined lattice parameter of BSM20, 4.141059(3) Å
agreedwell with that optimized by theDFT calculations, 4.15881 Å. The
OD bond length was calculated to be 1.004(7) Å using the refined
crystal parameters of BSM20, which agreed with the OH bond length
values estimated from the Raman and IR data (0.993Å) and optimized
by DFT calculations (0.995 Å) within three times standard deviation
(Supplementary Figs. 10 and 11), indicating the formation of OD and
OH hydroxide ions in BaSc0.8Mo0.2O2.8−y/2(OD)y and
BaSc0.8Mo0.2O2.8−y/2(OH)y, respectively. The bond-valence sums BVSs
2.11 for Ba atom and 2.04 for O atom agreed well with their formal
charge 2. The average BVS of the Sc and Mo cations 3.2 also agreed
with the average oxidation number 3.6. The BVS for defective D atom
0.83 was consistent with its formal charge 1. These results indicate the
validity of the refined crystal structure of BSM20 (Fig. 4d). The proton
concentration y calculated using the refined occupancy factor of D
atom y =0.3173(17) agreed well with the value estimated from TG data
y = 0.32. Furthermore, the excess oxygen y/2 in bulk

BaSc0.8Mo0.2DyO2.8+y/2 (= BaSc0.8Mo0.2O2.8−y/2(OD)y) calculated from
the refined occupancy factor of oxygen atom 0.1574(15) agreed well
with y/2 = 0.16 fromTGdata within two estimated standarddeviations.
These results indicate that the water is incorporated as hydroxide ions
OD in bulk BSM20, leading to high bulk proton conduction. Figure 5a,
b shows the neutron scattering length density (NSLD) distributions
obtained by the maximum-entropy-method (MEM) analyses of neu-
tron diffraction data of BSM20 taken at −243 and 27 °C, respectively.
The connected NSLD distributions between two protons at 27 °C
suggest the bulk diffusion and hopping of the protons between the
proton sites near oxide ions, which is consistent with the bond-
valence-based energy landscape (BVEL) for a test proton (Fig. 5c).
Supplementary Fig. 12 shows the isosurface of BVEL of BSM20, indi-
cating the three-dimensional (3D) network of proton diffusion path-
ways. The bulk 3D proton diffusion enables the high proton
conduction as discussed below through the AIMD simulations. In
contrast to the oxygen vacancy-ordered Ba2In2O5, Ba2ScAlO5,
Ba2LuAlO5, and BaY1/3Ga2/3O2.5, the cubic perovskite BaSc0.8Mo0.2O2.8

has the occupational disorder of oxygen vacancies, which yields the 3D
network of oxygen atoms in hydratedBSM20, leading to the 3Dproton
diffusion and high proton conduction.

Discussion
We discuss the origins of the high bulk proton conductivity of BSM20.
Bulk proton conductivity σH+ is proportional to the proton con-
centration C and proton diffusion coefficient D in bulk BSM20: σH+ ∝ C
× D. To investigate the proton concentration and hydration of BSM20
and BSM25, we performed the thermogravimetric (TG) and
thermogravimetric-mass spectrometric (TG-MS) measurements. The
TG-MS measurements of wet BSM20 sample indicated that the weight
loss on heating ismainly ascribed to the dehydration (loss of H2O from
the sample) (Supplementary Fig. 13). Thus, the proton concentration
can be estimated from the weight change obtained by the TG analysis.
TG results collected with stabilization time at each temperature
showed typical hydration behavior with higher proton concentration
at lower temperatures for both BSM20 and BSM25 (Supplementary
Fig. 14). Below 700 oC, the proton concentration estimated from TG
measurements of BSM20 (e.g., y =0.32 at 100 oC, y =0.27 at 400 oC)
was higher than those of BSM25 (e.g., y = 0.12 at 100 oC),
BaZr0.8Y0.2O2.9−y/2(OH)y (e.g., y = 0.17 at 400 oC)54 and
BaCe0.9Y0.1O2.95−y/2(OH)y (e.g., y =0.08 at 100 oC)16 (Fig. 4a). The higher
proton concentration y of BSM20 is an origin of its higher proton
conductivity compared with BSM25, BaZr0.8Y0.2O2.9−y/2(OH)y and
BaCe0.9Y0.1O2.95−y/2(OH)y. As shown in Fig. 4b, the proton concentra-
tion y in BaB1−xMxO3−δ−y/2(OH)y (= BaB1−xMxO3−δ·(y/2) H2O) increases
with an increase of the amount of oxygen deficiency δ in BaB1−xMxO3−δ

without water. Therefore, the higher proton concentration y in BSM20
is attributed to the larger amount of oxygen vacancies δ = 0.2 in
BSM20without water comparedwith BSM25without water (δ = 0.125),
BaZr0.8Y0.2O2.9 without water (δ = 0.1), and BaCe0.9Y0.1O2.95 without
water (δ =0.05). These results indicate that the larger amount of
oxygen vacancies δ = 0.2 in BSM20 without water is an origin of the
high proton conductivity in BSM20.

The proton concentration of BSM20 (e.g., y =0.32 at 100 oC) is
lower than that of BaZr0.4Sc0.6O2.7−y/2(OH)y (e.g., y =0.55 at 100 oC)4.
Nevertheless, the bulk conductivity of BSM20 in wet atmosphere is
higher than that of BaZr0.4Sc0.6O2.7−y/2(OH)y. This result indicates that
the bulk proton diffusion coefficient of BSM20 was higher than that of
BaZr0.4Sc0.6O2.7−y/2(OH)y.We calculated the experimental bulk diffusion
coefficient of protons D using Nernst-Einstein equation D = σbRT/F2C
where R is gas constant, F is Faraday constant, σb is the measured bulk
conductivity in wet atmosphere, and C is the proton concentration
estimated fromTGmeasurements. Theprotondiffusion coefficientDof
BSM20 was higher than those of BaZr0.4Sc0.6O2.7−y/2(OH)y,
BaZr0.8Y0.2O2.9−y/2(OH)y, and BaCe0.9Y0.1O2.95−y/2(OH)y (Fig. 6a). For
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example, D of BSM20 was 6.4 times higher than that of
BaZr0.4Sc0.6O2.7−y/2(OH)y

4, 4.5 times higher than that of
BaZr0.8Y0.2O2.9−y/2(OH)y

24, and 2.6 times higher than that of
BaCe0.9Y0.1O2.95−y/2(OH)y

55 at 100 °C. The high diffusion coefficient of
protons in BSM20 was supported by ab initio molecular dynamics

(AIMD) simulations (Fig. 6b and Supplementary Fig. 15). The bulk dif-
fusion coefficientD at 300 °Cof BSM25 (Sc content 1−x =0.75) 3.6 × 10−7

cm2 s−1 is higher than that of BaZr0.4Sc0.6O2.7−y/2(OH)y (Sc content = 0.6)
1.0 × 10−7 cm2 s−1. The D at 300 °C of BSM20 (Sc content = 0.8)
6.8 × 10−7 cm2 s−1 is higher than that of BSM25 (Sc content = 0.75)
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curve), BaZr0.8Y0.2O2.9−y/2(OH)y (black curve; BZY)54 and BaCe0.9Y0.1O2.95−y/2(OH)y
(pink curve; BCY)16, which were obtained by TG measurements during cooling in
equilibrium isotherms. b The correlation between the amount of oxygen vacancies
δ in BaB1−xMxO3−δwithout water and proton concentration y in wet BaB1−xMxO3−δ−y/

2(OH)y (= BaB1−xMxO3−δ·(y/2) H2O)
16,70–72. Red closed circle denotes the data of

BSM20. c Rietveld pattern of neutron diffraction data of BSM20, which were taken
at −243 °C. Red crosses and blue lines are observed and calculated intensities,
respectively. Black tick marks represent calculated Bragg peak positions of cubic
Pm�3m BSM20. The black line below the profile denotes the difference pattern.
d Refined crystal structure of BSM20 at−243 °C, whichwere depictedwith black Ba
and gray D atoms and purple (Sc0.8Mo0.2)O5.597(3)(OD)0.3173(17) octahedra. Thermal
ellipsoids are drawn at the 50% probability level.

Table 1 | Refined crystal parameters and reliability factors in the Rietveld analysis for neutron diffraction data of
BaSc0.8Mo0.2O2.6400(15)(OD)0.3173(17) (= BaSc0.8Mo0.2O2.8 0.1574(15) D2O =BaSc0.8Mo0.2O2.9573(15)D0.3173(17)) at −243 °C

Site, atom label X atom Y gb Wyckoff position x y z Uiso or Ueq (Å2)c BVSd

Ba Ba 1a 1b 1/2 1/2 1/2 0.01013(4) 2.11

Sc/Mo Sc 0.8a 1a 0 0 0 0.01311(3) 3.20

Sc/Mo Mo 0.2a 1a 0 0 0 0.01311(3) 3.20

O O 0.9858(5) 3d 1/2 0 0 0.01302(4) 2.04

D D 0.01322(7) 24m 0.4254(10) 0.2307(15) 0 0.0769(14) 0.83

Crystal system: cubic, Space group: Pm3m, Lattice parameter: a = 4.141059(3) Å, Rwp = 4.31%, RB = 2.17%, RF = 2.30%.
aOccupancy factors of Ba, Sc and Mo atoms were fixed to 1, 0.8 and 0.2, respectively, because the refined values agreed with these values within three times of estimated standard deviations in
preliminary analyses.
bOccupancy factor of Y atom at the X site. x, y, and z: atomic coordinates.
cUiso = Uiso(Y; X): Isotropic atomic displacement parameter of Y atom at the X site, Ueq: Equivalent isotropic atomic displacement parameter of Y atom at the X site. Linear constraints in the Rietveld
analysis: Uiso(Sc; Sc/Mo) = Uiso(Mo; Sc/Mo). U11(O; O) = 0.01663(8) Å2, U22(O; O) =U33(O; O) = 0.01122(5) Å2. Here, Uij(Y; X): Anisotropic atomic displacement parameter of Y atom at the X site.
dBVS: Bond valence sum. BVSs for Ba, Sc/Mo and O were calculated using the bond-valence parameters in the literature66. BVS for D was calculated using the bond-valence parameter in the
literature67.
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3.6 × 10−7 cm2 s−1. Therefore, the D increases with an increase of Sc
content 1−x in BaSc1−xMxO3−δ−y/2(OH)y (M =Mo, Zr). Thus, high bulk
diffusion coefficient D of BSM20 is attributable to the high Sc content
(1−x =0.8), leading to the high bulk proton conductivity.

To investigate the reason for the higher proton diffusion coef-
ficient of BaSc1−xMoxO2.5+3x/2−y/2(OH)y, we visualized the trajectory
and probability density distribution of protons in
Ba8Sc6Mo2O23(H2O) at 500 °C using the AIMD simulations (Fig. 7),
which show the long-range diffusion of protons. It should be noted
that the protons do not exist near the oxide ions coordinated to aMo
cation but to Sc one, which indicates that protons migrate around
ScO6 octahedra preventing from MoO6 octahedra. This result sup-
ports that the high Sc content 1−x in BaSc1−xMoxO2.5+3x/2−y/2(OH)y
causes the high proton diffusion coefficient, leading to the high
proton conductivity.

Low activation energy Ea for bulk proton diffusion coefficient is
also important for high proton conductivity at low temperatures of
50−170 oC (Supplementary Note 2). The apparent Ea for bulk proton
diffusion coefficient of BSM20 (0.41 eV) is lower than those of other
proton conductors such as BaZr0.8Y0.2O2.9−y/2(OH)y (0.53 eV (ref. 53),
0.48 eV (ref. 54)), BaZr0.4Sc0.6O2.7−y/2(OH)y (0.47 eV)4,
BaZr0.8Sc0.2O2.9−y/2(OH)y (0.50 eV)4, and BaCe0.9Y0.1O2.95−y/2(OH)y
(0.54 eV)55 at low temperatures of 50−170 oC (Supplementary Tables 4,
5 and Supplementary Note 2). Acceptor M3+ (M = Sc, Y) doping in
BaZrO3 causes an electrostatic attraction between acceptor M 0

Zr and

proton H+ in BaZr0.8M3+
0.2O2.9−y/2(OH)y using Kröger-Vink notation. As

the result, proton trapping occurs, which leads to the high apparent
activation energy Ea and low proton conductivity at intermediate and
low temperatures (Supplementary Fig. 1 and Supplementary Note no. 1
(1))24. On the contrary, the donor Mo6+ doping in BaScO2.5 causes an
electrostatic repulsion between the donor Mo���

Sc and proton H+ in
BSM20, leading to lower apparent Ea (Supplementary Note no. 1 (2)).
The apparent Ea of BaZr0.8Y0.2O2.9−y/2(OH)y at 200 °C (0.47 eV) is
higher than that at 370 °C (0.30 eV), indicating that proton trapping
occurs at 200 °C24. On the other hand, the apparent Ea of BSM20 at
200 °C (0.41 eV) agreed well with that at 473 °C (0.41 eV), suggesting
the reduction of proton trapping at 200 °C. The repulsion between the
donor Mo���

Sc and proton H� was supported by the proton probability
density distribution from the AIMD simulations (Fig. 7b, c) and static
DFT calculations (Supplementary Fig. 16).

In summary, we have discovered a stable superior proton con-
ductor BSM20 that exhibits high bulk conductivity within the Norby
gap. The proton conductivity of BSM20 exceeds 0.01 S cm−1 above
320 °C. The high bulk conductivity of BSM20 at intermediate and low
temperatures is ascribed to (1) high proton concentration, (2) high
proton diffusion coefficient, (3) low activation energy for diffusion
coefficient due to the reduced proton trapping, and (4) three-
dimensional proton diffusion due to the occupational disorder of
oxygen vacancies. The high proton concentration is attributable to the
large amount of oxygen vacancies δ in BaSc1−xMoxO3−δ. One reason for
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the high proton diffusion coefficient is the high Sc occupancy at the B
site in BaB1−xMxO3−δ. The conventional acceptor doping causes the
proton trapping, leading to the higher apparent activation energy for
the proton conductivity at intermediate and low temperatures. In
contrast, the present donor doping (substitution of the higher valent
dopant such as Mo6+ for the lower valent Sc3+ cation) reduces the
proton trapping, leading to the low apparent activation energy for
proton diffusion coefficient. Furthermore, the present donor doping
into BaScO2.5 stabilizes the cubic perovskite phase. The donor doping
into the perovskite with intrinsic oxygen vacancies would be a viable
strategy towards high proton conductivity at intermediate and low
temperatures. The strategies and discovery of BSM20 will have a sig-
nificant impact on the energy and environmental science and
technology.

Methods
Synthesis and characterization
BaSc1−xMoxO2.5+3x/2 (x = 0.15, 0.20, 0.25, 0.30) samples were prepared
by the solid-state-reaction method. Raw materials BaCO3 (Kojundo
Chemical Laboratory Co., 99.95%), Sc2O3 (Shin-Etsu Chemical Co.,
99.99%), and MoO3 (Kojundo Chemical Laboratory Co., 99.99%) were
mixed and ground in an agatemortar for ~1 h as ethanol slurries and as
dried powders. The powders thus obtained were calcined in air at
900 °C for 12 h. The calcined powders were ground into fine powders
in the agate mortar for ∼1 h as dried powders and as ethanol slurries.
The fine powderswere uniaxially pressed into pellets at∼200MPa and
then sintered in air at 1500 °C for 12 h on an alumina boat. The sintered
products were crushed with a tungsten carbide crusher, ground with
the agatemortar for ∼1 h as ethanol slurries and as dried powders, and
then ground with a planetary-type ball mill at a rotation speed of
300 rpm for 10min using yttria stabilized zirconia balls. The obtained
samples were uniaxially pressed into pellets at ∼150MPa and iso-
statically pressed intopellets at∼200MPa and sintered in air at 1550 °C
for 24 h on the alumina boat. The relative densities of the sintered (as-
prepared) pellets of BSM20 and BSM25 were 90 ~ 96% and 80 ~ 85%,
respectively. Parts of the sintered pellets were crushed and ground
into fine powders (as-prepared powders) to carry out X-ray powder
diffraction (XRD), inductively coupled plasma optical emission spec-
troscopy (ICP-OES), TG, TG-MS, andX-ray photoelectron spectroscopy
(XPS) measurements. The atomic ratio of Ba:Sc:Mo = 1.0:0.8:0.2 for
BSM20 determined by ICP-OES analysis (SPS3500DD, Hitachi High-
Tech Co.) agreed with that of the nominal composition. Cu Kα XRD
data of BaSc1−xMoxO2.5+3x/2 (x =0.15, 0.20, 0.25, 0.30) samples were
measured at 24 °C by a laboratory-based X-ray diffractometer (Mini-
Flex, Rigaku Co.). The lattice parameters for x =0.20 and 0.25 samples

were refined using the XRD data and Z-Rietveld software56. Scanning
electronmicroscope (SEM) observation of a sintered BSM20pellet was
performed using a VE-8800 SEM microscope (Keyence Co.) (Supple-
mentary Fig. 18).

Wet BSM20 powders for TG-MS measurements were prepared
as follows. As-prepared BSM20 powders were heated to 1000 °C in
dry air in order to remove water, and then the atmosphere was
switched to H2O-saturated air flow (water vapor
partial pressure P(H2O) = 0.02 atm) at the same temperature
1000 oC. In cooling process, the sample was kept for 2 h at 1000,
900, 800, 700, 600, 500, 400, 300, 200, 100, and 25 oC to reach
equilibrium. TG-MS analyses of the wet BSM20 were performed
using RIGAKUThermoMass Photo under He flow at a heating rate of
20 °C min–1 up to 800 °C. The proton concentrations of BSM20 and
BSM25 were investigated from 1000 to 100 °C by TG analysis
(STA449 Jupiter, Netzsch Co.). The powder samples of BSM20 and
BSM25 were first heated at 1000 °C for 1 hour in dry air
(P(H2O) < 1.5 × 10−4 atm) to dehydrate. The gas subsequently swit-
ched to wet air (P(H2O) = 0.02 atm). In cooling process, the sample
weight was recorded keeping the temperature at 1000, 900, 800,
700, 600, 500, 400, 300, 200, 100, and 25 °C for 2 h to reach
equilibrium. The proton concentrations y in BSM20 and BSM25
were calculated from the weight increase assuming that the samples
contain no protons (y = 0) at 1000 °C in dry air and the weight
increase was only due to water incorporation. Raman spectrum of
BSM20 was collected using NRS-4100 (JASCO Co.) with excitation
wavelength of 532 nm. IR data for BSM20 were measured using FT/
IR-4200 (JASCO Co.).

Measurements of electrical conductivity
Impedance spectra of BSM20 and BSM25 samples (5mm in diameter,
10mm in thickness) with Pt electrodes were recorded with a Solartron
1260 impedance analyzer in the frequency range from 0.1 Hz to
10MHz with an applied alternating voltage of 100mV in wet atmo-
spheres (P(H2O) = 0.02 atm) and dry conditions (P(H2O) < 1.5 × 10−4

atm) on cooling. Equivalent-circuit analysis was performed to extract
the bulk and grain-boundary conductivities using Zview software
(Scribner Associates, Inc.).

Oxygen partial pressure P(O2) dependencies of the direct cur-
rent (DC) electrical conductivity σDC of a cylindrical BSM20 pellet
(4mm in diameter and 10mm in length) were investigated by a DC
four-probe method with Pt electrodes using a mixture of O2, air, N2

and 5% H2 in N2 under wet conditions (P(H2O) = 0.02 atm) where the
P(O2) was monitored with an oxygen sensor placed at the outlet of
the apparatus.
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Fig. 7 | Protonmigration in Ba8Sc6Mo2O23(H2O) fromAIMD simulations. a Blue
trajectories of H atoms in Ba8Sc6Mo2O23(H2O) (= [BaSc0.75Mo0.25O2.875•0.125
H2O]8 = [BaSc0.75Mo0.25O2.75•0.25 (OH)]8) at 500 °C. b,c Blue isosurfaces of the
probability density of protons at 0.001 Å−3 in Ba8Sc6Mo2O23(H2O) at 500 °C from
AIMDsimulations:bwith and cwithout both atomsandoctahedra viewed along the

c axis (−0.25 ≤ x ≤ 1.25; −0.25 ≤ y ≤ 1.25; −0.25 ≤ z ≤0.25). In panels a and b, the black,
purple, light blue, red, and pink spheres represent Ba, Sc, Mo, O, and H atoms,
respectively. In b, the purple and light blue squares denote ScO6 and MoO6 octa-
hedra, respectively.
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The isotope effect in BSM20 was evaluated by the direct current
electrical conductivity and impedance measurements in D2O- and
H2O-saturated air (water vapor pressure = 0.02 atm).

Neutron diffractionmeasurements, Rietveld andMEM analyses,
and BVEL calculations
Neutron powder diffraction experiments of BSM20 were performed
at −243 and 27 °C with time-of-flight (TOF) neutron diffractometer
NOVA at the MLF of the J-PARC57. BSM20 pellets for neutron dif-
fraction measurements were prepared as follows. As-pre-
pared BSM20 pellets synthesized by sintering at 1550 oCwere heated
to 1000 °C in dry air in order to remove water, and then the atmo-
sphere was switched to D2O-saturated air flow (water vapor pressure
= 0.02 atm) at the same temperature 1000 oC. In cooling process, the
sample was kept for 2 h at 1000, 900, 800, 700, 600, 500, 400, 300,
200, 100, and 25 °C to reach equilibrium. Rietveld analyses were
performed with Z-Rietveld56 using neutron diffraction data taken
with the backscattering bank of the NOVA. BVELs for a test proton in
BSM20 were calculated using refined crystal parameters at 27 °C
with the SoftBV program58,59. In order to investigate the proton dif-
fusion pathway, the neutron scattering length density (NSLD) dis-
tributions were obtained by maximum entropy method (MEM)
analyses using the structure factors from the Rietveld analysis of
BSM20 and computer program Z-MEM60.

Density functional theory (DFT) calculations
The static DFT calculations were performed using the Vienna ab initio
simulation package (VASP)61 with the projector augmented wave
(PAW) method and the Perdew–Burke–Ernzerhof (PBE) functional in
the generalized gradient approximation (GGA). The cut-off energy was
set to 500 eV. Lattice parameters and atomic coordinates of all the
three models with different Mo and Sc atomic configurations of
Ba8Sc6Mo2O23 (= [BaSc0.75Mo0.25O2.875]8) were optimized in the space
group P1, with the convergence condition of 0.02 eVÅ–1. Based on the
model having the minimum energy among the three models, the lat-
tice parameters and atomic coordinates of Ba8Sc6Mo2O23•H2O
( = 8[BaSc0.75Mo0.25O2.875•0.125 H2O]; 2 × 2 × 2 supercell) for three
models with different H atomic configurations (Supplementary Fig. 16)
were optimized in the space group P1, with the convergence condition
of 0.02 eVÅ–1. A 3 × 3 × 3 set of k-point meshes was used in the
Monkhorst-Pack scheme. The optimized structure with the minimum
energy among the three models was used in the following ab initio
molecular dynamics (AIMD) simulations.

AIMD simulations were also carried out using the VASP with the
PAW method and the PBE functional in the GGA. The simulations
were performed using 2 × 2 × 2 supercell Ba8Sc6Mo2O23•H2O
(= 8[BaSc0.75Mo0.25O2.875•0.125 H2O]). The optimized structure was
heated from 0K to the target temperature (500, 700, and 1500 °C)
at a rate of 1 °C fs–1. An equilibration step was first performed in the
canonical ensemble (constant N, V, T) using a Nosé thermostat at
each temperature for 2 ps. The time step was 0.2 fs and molecular
dynamics runs were performed for 100 ~ 140 ps. The cut-off energy
was set to 400 eV and the reciprocal space integration was per-
formed only at the Г-point. The AIMD snapshots and trajectories
were visualized using the OVITO program62. The mean square dis-
placements (MSDs) of all atoms were obtained with pymatgen
code63,64. The refined crystal structures, NSLD distributions, BVELs
and the probability density distribution of H atoms from the AIMD
simulations were drawn with VESTA 365.

Data availability
The datasets generated during and/or analysed during the current
study are available from the corresponding author on request. Source
data is provided with this paper. Source data are provided with
this paper.

References
1. Bian,W. et al. Revitalizing interface in protonic ceramic cells by acid

etch. Nature 604, 479–485 (2022).
2. Jiao, K. et al. Designing the next generation of proton-exchange

membrane fuel cells. Nature 595, 361–369 (2021).
3. Fop, S. et al. High oxide ion and proton conductivity in a disordered

hexagonal perovskite. Nat. Mater. 19, 752–757 (2020).
4. Hyodo, J., Kitabayashi, K., Hoshino, K., Okuyama, Y. & Yamazaki, Y.

Fast and stable proton conduction in heavily scandium-doped
polycrystalline bariumzirconate at intermediate temperatures.Adv.
Energy Mater. 10, 2000213 (2020).

5. Xia, C. et al. Shaping triple-conducting semiconductor
BaCo0.4Fe0.4Zr0.1Y0.1O3−δ into an electrolyte for low-temperature
solid oxide fuel cells. Nat. Commun. 10, 1707 (2019).

6. Azad, A. K. et al. Improved mechanical strength, proton con-
ductivity and power density in an ‘all-protonic’ ceramic fuel cell at
intermediate temperature. Sci. Rep. 11, 19382 (2021).

7. Duan, C., Huang, J., Sullivan, N. & O’Hayre, R. Proton-conducting
oxides for energy conversion and storage. Appl. Phys. Rev. 7,
011314 (2020).

8. Choi, S. et al. Exceptional power density and stability at inter-
mediate temperatures in protonic ceramic fuel cells. Nat. Energy 3,
202–210 (2018).

9. Haile, S. M., Chisholm, C. R. I., Sasaki, K., Boysen, D. A. & Uda, T.
Solid acid proton conductors: from laboratory curiosities to fuel cell
electrolytes. Faraday Discuss. 134, 17–39 (2007).

10. Nagao, M. et al. Proton conduction in In3+-doped SnP2O7 at inter-
mediate temperatures. J. Electrochem. Soc. 153, A1604–A1609
(2006).

11. Phadke, S. R., Bowers, C. R., Wachsman, E. D. & Nino, J. C. Proton
conduction in acceptor doped SnP2O7. Solid State Ion. 183,
26–31 (2011).

12. Norby, T. Solid-state protonic conductors: principles, properties,
progress and prospects. Solid State Ion. 125, 1–11 (1999).

13. Stuart, P. A., Unno, T., Kilner, J. A. & Skinner, S. J. Solid oxide proton
conducting steam electrolysers. Solid State Ion. 179,
1120–1124 (2008).

14. Iwahara, H., Yajima, T., Hibino, T., Ozaki, K. & Suzuki, H. Protonic
conduction in calcium, strontiumandbariumzirconates.Solid State
Ion. 61, 65–69 (1993).

15. Iwahara, H. Proton conducting ceramics and their applications.
Solid State Ion. 86–88, 9–15 (1996).

16. Kreuer, K. D. Proton-conducting oxides. Annu. Rev. Mater. Res. 33,
333–359 (2003).

17. Kjølseth, C., Wang, L. Y., Haugsrud, R. & Norby, T. Determination of
the enthalpy of hydration of oxygen vacancies in Y-doped BaZrO3

and BaCeO3 by TG-DSC. Solid State Ion. 181, 1740–1745
(2010).

18. Chen, T. et al. Toward durable protonic ceramic cells: hydration-
induced chemical expansion correlates with symmetry in the
Y-doped BaZrO3-BaCeO3 solid solution. J. Phys. Chem. C 125,
26216–26228 (2021).

19. Han, D., Shinoda, K., Sato, S., Majima, M. & Uda, T. Correlation
between electroconductive and structural properties of proton
conductive acceptor-doped barium zirconate. J. Mater. Chem. A 3,
1243–1250 (2015).

20. Takahashi, H. et al. First-principles calculations for the energetics of
the hydration reaction of acceptor-dopedBaZrO3.Chem.Mater. 29,
1518–1526 (2017).

21. Oikawa, I. et al. Defects in scandium doped barium zirconate stu-
died by Sc-45 NMR. Solid State Ion. 192, 83–87 (2011).

22. Ling, Y. et al. Bismuth and indiumco-doping strategy for developing
stable and efficient barium zirconate-based proton conductors for
high-performance H-SOFCs. J. Eur. Ceram. Soc. 36,
3423–3431 (2016).

Article https://doi.org/10.1038/s41467-023-43122-4

Nature Communications |         (2023) 14:7466 8



23. Kosacki, I. & Tuller, H. L. Mixed conductivity in SrCe0.95Yb0.05O3

protonic conductors. Solid State Ion. 80, 223–229 (1995).
24. Yamazaki, Y. et al. Proton trapping in yttrium-doped barium zirco-

nate. Nat. Mater. 12, 647–651 (2013).
25. Shuk, P., Wiemhöfer, H., Guth, U., Göpel, W. & Greenblatt, M. Oxide

ion conducting solid electrolytes based on Bi2O3. Solid State Ion.
89, 179–196 (2000).

26. Yashima, M. & Ishimura, D. Crystal structure and disorder of the fast
oxide-ion conductor cubic Bi2O3. Chem. Phys. Lett. 378,
395–399 (2003).

27. Yashima, M. & Ishimura, D. Visualization of the diffusion path in the
fast oxide-ion conductor Bi1.4Yb0.6O3. Appl. Phys. Lett. 87,
221909 (2005).

28. Goodenough, J. B., Ruiz-Diaz, J. E. & Zhen, Y. S. Oxide-ion conduc-
tion in Ba2In2O5 and Ba3In2MO8 (M = Ce, Hf, or Zr). Solid State Ion.
44, 21–31 (1990).

29. Norby, T. A Kröger-Vink compatible notation for defects in inher-
ently defective sublattices. J. Korean Ceram. Soc. 47, 19–25 (2010).

30. Zhang, W. & Yashima, M. Recent developments in oxide ion con-
ductors: focusing on Dion–Jacobson phases. Chem. Comm. 59,
134–152 (2023).

31. Murakami, T., Avdeev, M., Morikawa, R., Hester, J. R. & Yashima, M.
High proton conductivity in β-Ba2ScAlO5 enabled by octahedral
and intrinsically oxygen-deficient layers. Adv. Funct. Mater. 33,
2206777 (2023).

32. Saito, K., Fujii, K. & Yashima, M. Oxide-ion and proton conductivity
of the ordered perovskite BaY1/3Ga2/3O2.5. J. Solid StateChem. 306,
122733 (2022).

33. Fuller, C. A., Blom, D. A., Vogt, T., Evans, I. R. & Evans, J. S. O. Oxide
ion and proton conductivity in a family of highly oxygen-deficient
perovskite derivatives. J. Am. Chem. Soc. 144, 615–624 (2021).

34. Murakami, T.,Hester, J. R. & Yashima,M.Highproton conductivity in
Ba5Er2Al2ZrO13, a hexagonal perovskite-related oxide with intrinsi-
cally oxygen-deficient layers. J. Am. Chem. Soc. 142,
11653–11657 (2020).

35. Fop, S. et al. Proton and oxide ion conductivity in palmierite oxides.
Chem. Mater. 34, 8190–8197 (2022).

36. Yashima, M. et al. High oxide-ion conductivity through the inter-
stitial oxygen site in Ba7Nb4MoO20-based hexagonal perovskite
related oxides. Nat. Commun. 12, 556 (2021).

37. Sakuda, Y., Hester, J. R. & Yashima, M. Improved oxide-ion and
lower proton conduction of hexagonal perovskite-related oxides
based on Ba7Nb4MoO20 by Cr6+ doping. J. Ceram. Soc. Jpn. 130,
442–447 (2022).

38. Suzuki, Y. et al. Simultaneous reduction of proton conductivity and
enhancement of oxide-ion conductivity by aliovalent doping in
Ba7Nb4MoO20. Inorg. Chem. 61, 7537–7545 (2022).

39. Morikawa, R. et al. High proton conduction in Ba2LuAlO5with highly
oxygen-deficient layers. Commun. Mater. 4, 42 (2023).

40. Saito, M., Takayama, T. & Yamamura, H. Proton conduction of new
brownmillerite type compounds Ba2(Zn2/3B'1/3)2O5 (B'= Nb and Ta)
and Ba2(Zn3/4W1/4)2O5. Trans. Mater. Res. Soc. Jpn. 35,
495–498 (2010).

41. Omata, T., Fuke, T. & Otsuka-Yao-Matsuo, S. Hydration behavior of
Ba2Sc2O5with an oxygen-deficient perovskite structure. Solid State
Ion. 177, 2447–2451 (2006).

42. Shiraiwa, M., Kido, T., Fujii, K. & Yashima, M. High-temperature
proton conductors based on the (110) layered perovskite
BaNdScO4. J. Mater. Chem. A 9, 8607–8619 (2021).

43. Kawamori, H., Oikawa, I. & Takamura, H. Protonation-induced B-site
deficiency in perovskite-type oxides: fully hydrated BaSc0.67O(OH)2
as a proton conductor. Chem. Mater. 33, 5935–5942 (2021).

44. Shin, J. F., Joubel, K., Apperley, D. C. & Slater, P. R. Synthesis and
characterization of proton conducting oxyanion doped Ba2Sc2O5.
Dalton Trans. 41, 261–266 (2012).

45. Cervera, R. B. et al. Perovskite-structured BaScO2(OH) as a novel
proton conductor: heavily hydrated phase obtained via low-
temperature synthesis. Chem. Mater. 25, 1483–1489 (2013).

46. Kwestroo, W., van Hal, H. A. M. & Langereis, C. Compounds in the
system BaO•Sc2O3. Mater. Res. Bull. 9, 1623–1629 (1974).

47. Tarasova, N., Galisheva, A. & Animitsa, I. Effect of acceptor and
donor doping on the state of protons in block-layered structures
based on BaLaInO4. Solid State Commun. 323, 114093
(2021).

48. Murakami, T. et al. High oxide-ion conductivity in a hexagonal
perovskite-related oxide Ba7Ta3.7Mo1.3O20.15 with cation site pre-
ference and interstitial oxide ions. Small 18, 2106785 (2022).

49. Yashima, M. et al. Direct evidence for two-dimensional oxide-ion
diffusion in the hexagonal perovskite-related oxide Ba3MoNbO8.5−δ.
J. Mater. Chem. A 7, 13910–13916 (2019).

50. Hanif, M. B. et al. Mo-doped BaCe0.9Y0.1O3−δ proton-conducting
electrolyte at intermediate temperature SOFCs. Part I: micro-
structure and electrochemical properties. Int. J. Hydrogen Energy
https://doi.org/10.1016/j.ijhydene.2023.01.144 (2023).

51. Luo, Z. et al. A new class of proton conductors with dramatically
enhanced stability and high conductivity for reversible solid oxide
cells. Small 19, 2208064 (2023).

52. Nowick, A. S. & Vaysleyb, A. V. Isotope effect and proton hopping in
high-temperature protonic conductors. Solid State Ion. 97,
17–26 (1997).

53. Yamazaki, Y., Hernandez-Sanchez, R.&Haile, S.M.High total proton
conductivity in large-grained yttrium-doped barium zirconate.
Chem. Mater. 21, 2755–2762 (2009).

54. Kreuer, K. D. et al. Proton conducting alkaline earth zirconates and
titanates for high drain electrochemical applications. Solid State
Ion. 145, 295–306 (2001).

55. Kreuer, K. D. Aspects of the formation and mobility of protonic
charge carriers and the stability of perovskite-type oxides. Solid
State Ion. 125, 285–302 (1999).

56. Oishi, R. et al. Rietveld analysis software for J-PARC. Nucl. Instru-
ments Methods Phys. Res. Sect. A Accel. Spectrometers, Detect.
Assoc. Equip. 600, 94–96 (2009).

57. Nakajima, K. et al. Materials and life science experimental facility
(MLF) at the Japan ProtonAccelerator ResearchComplex II: neutron
scattering instruments. Quantum Beam Sci. 1, 9 (2017).

58. Chen, H., Wong, L. L. & Adams, S. SoftBV – a software tool for
screening the materials genome of inorganic fast ion conductors
research papers. Acta Cryst. B Struct. Sci. Cryst. Eng. Mater. 75,
18–33 (2019).

59. Wong, L. L. et al. Bond Valence Pathway Analyzer—an automatic
rapid screening tool for fast ion conductors within softBV. Chem.
Mater. 33, 625–641 (2021).

60. Ishikawa, Y. et al. Z-MEM, maximum entropy method software for
electron/nuclear density distribution in Z-Code. Phys. B: Condens.
Matter 551, 472–475 (2018).

61. Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the
projector augmented-wave method. Phys. Rev. B 59,
1758–1775 (1999).

62. Stukowski, A. Visualization and analysis of atomistic simulation data
with OVITO –the Open Visualization Tool. Model. Simul. Mater. Sci.
Eng. 18, 015012 (2010).

63. Ong, S. P. et al. Python Materials Genomics (pymatgen): a robust,
open-source python library for materials analysis. Comput. Mater.
Sci. 68, 314–319 (2013).

64. Deng, Z., Zhu, Z., Chu, I. & Ong, S. P. Data-driven first-principles
methods for the study and design of alkali superionic conductors.
Chem. Mater. 29, 281–288 (2017).

65. Momma, K. & Izumi, F. VESTA 3 for three-dimensional visualization
of crystal, volumetric andmorphologydata. J. Appl. Crystallogr.44,
1272–1276 (2011).

Article https://doi.org/10.1038/s41467-023-43122-4

Nature Communications |         (2023) 14:7466 9

https://doi.org/10.1016/j.ijhydene.2023.01.144


66. Brown, I. D. &Aitermatt, D. Bond-valence parameters obtained from
a systematic analysis of the inorganic crystal structure database.
Acta Crystallogr., Sect. B: Struct. Sci. B41, 244–247 (1985).

67. Brown. I. D. The Chemical Bond In Inorganic Chemistry (Oxford
University Press, Oxford, 2002).

68. Haugsrud, R. & Norby, T. Proton conduction in rare-earth ortho-
niobates and ortho-tantalates. Nat. Mater. 5, 193–196 (2006).

69. Noirault, S., Célérier, S., Joubert, O., Caldes, M. T. & Piffard, Y.
Incorporation of water and fast proton conduction in the inherently
oxygen-deficient compound La26O27□(BO3)8. Adv. Mater. 19,
867–870 (2007).

70. Yamazaki, Y., Babilo, P. & Haile, S. M. Defect chemistry of yttrium-
doped barium zirconate: a thermodynamic analysis of water
uptake. Chem. Mater. 20, 6352–6357 (2008).

71. Hyodo, J., Tsujikawa, K., Shiga, M., Okuyama, Y. & Yamazaki, Y.
Accelerated discovery of proton-conducting perovskite oxide by
capturing physicochemical fundamentals of hydration. ACS Energy
Lett. 6, 2985–2992 (2021).

72. Andersson, A. K. E., Selbach, S. M., Knee, C. S. & Grande, T. Che-
mical expansion due to hydration of proton-conducting perovskite
oxide ceramics. J. Am. Ceram. Soc. 97, 2654–2661 (2014).

Acknowledgements
The authors acknowledge Dr. K. Fujii, Dr. W. Zhang, Dr. H. Yaguchi, Dr. Y.
Yasui, and Mr. K. Matsuzaki for useful discussions and assistance in
experiments and calculations. The authors express special thanks to
Prof. K. Ikeda and Prof. T. Otomo of KEK for the neutron diffraction
experiments and helpful discussions and Ms K. Suda of the Materials
Analysis Division, Open FacilityCenter, Tokyo Institute of Technology for
the TG-MS measurements. The authors acknowledge Shin-Etsu Chemi-
cal Co., Ltd. for providing raw materials and arranging the ICP-OES
analyses. The authors also thank Kojundo Chemical Laboratory Co., Ltd.
for providing rawmaterials. The SEM observations were carried out with
the support of the Collaboration Center for Design and Manufacturing,
Tokyo Institute of Technology. The authors also acknowledge Dr. M.
Tada and Prof. S. Ito for performing Raman and IR measurements,
respectively. Neutron diffraction measurements were carried out by the
project approval (J-PARC: Proposal Nos. 2017L1300, 2017L1301,
2017L1302, 2020L0800, 2020L0801, 2020L0802, 2020L0803, and
2020L0804; JRR-3 Proposal Nos. 22603, 22610, and 22614). Synchro-
tron X-ray diffraction experiments were performed by the project
approval (PF: 2021G549, 2021G615, and 2022G554; SPring-8:
2021A1599, 2021B1826, and 2022A1270). This work was supported by
Grant-in-Aid for Scientific Research (KAKENHI, JP21K18182) from the
Ministry of Education, Culture, Sports, Science, and Technology of
Japan, Adaptable and Seamless Technology Transfer Program through
Target-driven R&D (A-STEP) from the Japan Science and Technology
Agency (JST) Grant Number JPMJTR22TC, and JSPS Core-to-Core Pro-
grams, A. Advanced Research Networks (Solid Oxide Interfaces for
Faster Ion Transport; Mixed Anion Research for Energy Conversion

[JPJSCCA20200004]), and the Institute for Solid State Physics, the
University of Tokyo. K.S. acknowledges support in the form of a JSPS
Fellowship for Young Scientists, DC1 (23KJ0953).

Author contributions
K.S. and M.Y. designed research project. K.S. prepared the samples,
carried out the XRD measurements and experiments of transport prop-
erties, measured TG data and neutron diffraction data, analyzed the
crystal structure and performed DFT and BVEL calculations. Original
manuscript was written and edited by K.S. and M.Y. M.Y. conceived the
project and supervised the research. Funding acquisition and super-
vision: M.Y. All authors participated in the data analysis, discussed the
results, and read the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-43122-4.

Correspondence and requests for materials should be addressed to
Masatomo Yashima.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this work. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-43122-4

Nature Communications |         (2023) 14:7466 10

https://doi.org/10.1038/s41467-023-43122-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	High proton conductivity within the ‘Norby gap’ by stabilizing a perovskite with disordered intrinsic oxygen vacancies
	Results
	High proton conductivity and high chemical stability of�BSM20
	Crystal structure and proton diffusion pathways of�BSM20

	Discussion
	Methods
	Synthesis and characterization
	Measurements of electrical conductivity
	Neutron diffraction measurements, Rietveld and MEM analyses, and BVEL calculations
	Density functional theory (DFT) calculations

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




